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Linkage of Foreign Carrier Protein to a Self-Tumor Antigen 
Enhances the Immunogenicity of a Pulsed Dendritic Cell 
Vaccine 1 

John M. Timmerman and Ronald Levy 2 

The unique Ag-presenting capabilities of dendritic cells (DCs) make them attractive vehicles for the delivery of therapeutic cancer 
vaccines. While tumor Ag-pulsed DC vaccination has shown promising results in a variety of murine tumor models and early 
clinical trials, the optimal form of tumor Ag for use in DC pulsing has not been determined. We have studied DC vaccination using 
alternative forms of a soluble protein tumor Ag, the tumor-specific Ig idiotype (Id) expressed by a murine B cell lymphoma. 
Vaccination of mice with Id-pulsed DCs was able to induce anti-Id Abs only when the Id was modified to constitute a hapten- 
carrier system. DCs pulsed with Id proteins modified to include foreign constant regions, foreign constant regions plus GM-CSF, 
or linkage to keyhole limpet hemocyanin (KLH) carrier protein were increasingly potent in their ability to elicit anti-Id Abs. 
Vaccination with Id-KLH-puIsed DCs induced tumor-protective immunity superior to that obtained with Id-KLH plus a chemical 
adjuvant, and protection was not dependent upon effector T cells. Rather, protection was associated with the induction of high 
titers of anti-Id Abs of the IgG2a subclass, characteristic of a Thl response. These findings have implications for the design of 
therapeutic Ag-pulsed DC vaccines for cancer immunotherapy in humans. The Journal of Immunology, 2000, 164: 4797-4803. 



The pivotal role played by dendritic cells (DCs) 3 in the 
initiation of immune responses makes them an attractive 
cellular adjuvant for use in cancer vaccines (1), When 
pulsed with tumor-derived peptides or proteins or when transduced 
with tumor Ag-encoding viruses or nucleic acids and administered 
as a cellular vaccine, DCs have been shown to promote protective 
and even therapeutic anti-tumor immunity in a number of murine 
tumor models (2-12). These studies have formed the basis for the 
clinical use of DCs in active vaccination strategies against human 
tumor Ags (13). One such tumor Ag is the unique, tumor- specific 
variable region Ig expressed by malignant B cells known as the 
idiotype (Id). Ig idiotypic sequences have been shown to contain 
epitopes capable of being recognized by Abs (14-17), CD4 + T 
cells (16, 18-20), or CD8 + T cells (21-23). Vaccination of B cell 
lymphoma patients with tumor-derived Id protein coupled to the 
highly immunogenic foreign carrier protein KLH (Id-KLH) along 
with a chemical adjuvant can result in anti-Id immune responses 
that correlate with prolonged time to disease progression and sur- 
vival (19, 24). However, such immune responses are not elicited in 
all patients and are primarily humoral. In seeking to improve the 
frequency and potency of humoral and cellular anti-Id immune 
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responses in lymphoma patients, DCs were chosen because of their 
unique capacity to stimulate cellular immunity. Ig Id was the first 
human tumor Ag to be evaluated by pulsed DC vaccination (18). 
In a pilot clinical trial of Id-pulsed DC vaccination for B cell lym- 
phoma, objective tumor regressions have been observed in 3 of 10 
patients vaccinated with peripheral blood DCs pulsed with Id pro- 
tein (18, 25). To further refine this approach, we have sought to 
improve the immunogenicity of Id-pulsed DC vaccines using mod- 
ified Ags for DC pulsing in a well-characterized murine B cell 
lymphoma model. A chimeric form of Id linked to GM-CSF was 
chosen for DC pulsing, because vaccination with this protein had 
been previously shown to elicit protective anti-tumor immunity 
without the need for exogenous adjuvants (26). These effects are 
believed to rely in part on the stimulatory effects of GM-CSF on 
DCs (27, 28). Id chemically linked to KLH was also used, because 
of its known immunogenicity in a number of different Id vaccine 
formulations (19, 24, 29, 30). We have now shown that vaccina- 
tion with DCs pulsed with native, unmodified Id protein fails to 
elicit a detectable anti-tumor immune response. In contrast, Id pro- 
teins modified by linkage to foreign constant regions, foreign con- 
stant regions plus GM-CSF, or KLH carrier protein were increas- 
ingly potent in their ability to generate anti-Id Abs when used for 
pulsed DC vaccination. Vaccination with DCs pulsed with Id cou- 
pled to KLH induced tumor-protective immunity superior to that 
obtained with a chemical adjuvant, and the protection was not 
dependent on effector T cells. 

Materials and Methods 

Mice and cell lines 

Six- to 8-wk-old female C3H/HeN mice were obtained from Harlan 
Sprague-Dawley (San Diego, CA) and were housed at the Laboratory An- 
imal Facility at Stanford University Medical Center (Stanford, CA). The 
carcinogen-induced murine 13 cell lymphoma 38C13 expressing a clonal 
IgM/K on its surface has been previously described (16). 38C13 cells were 
maintained in RPM1 1640 medium supplemented with 10% heat-inacti- 
vated FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 /xg/ml streptomy- 
cin, and 50 yM 2-ME (cRPMI-10). All media and supplements were ob- 
tained from Life Technologies/BRL (Frederick, MD). 
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Generation and Ag pulsing of bone marrow-derived DC 

Bone marrow-derived DCs were prepared as previously described (3) with 
minor modifications. Briefly, bone marrow was flushed from the femurs 
and tibias of mice and depleted of red cells by ammonium chloride lysis. 
Bone marrow cells were then depleted of T, B, and MHC class II + cells by 
treatment with rat mAbs followed by panning on plates coated with goat 
anti-rat Ig Abs (Southern Biotechnology Associates, Birmingham, AL). 
The mAbs used were GK1.5 (anti-CD4), 53-6.7 (anti-CD8) (TIB 207 and 
TIB 105, respectively, American Type Culture Collection, Manassas, VA), 
RA3-6B2 (anti-B220, PharMingen, San Diego, CA), and 10-3.6 (anti-I-A\ 
PharMingen). Cells were then plated in six-well culture plates at 10 6 /ml in 
cRPMI-10 without cytokines. After overnight culture, nonadherent cells 
were harvested and replated at 2.5 X 10 5 /ml in cRPMI-10 supplemented 
with 10 mM HEPES, 1000 U/ml recombinant murine GM-CSF (provided 
by Immunex, Seattle, WA), and 1000 U/ml recombinant murine IL-4 (pro- 
vided by Dr. Robert Coffman, DNAX, Palo Alto, CA). Medium was re- 
plenished (-50%) after 4-5 days as needed. After 6 days of culture, non- 
adherent and loosely adherent cells were harvested by gently pipetting and 
replated at 10 6 cells/ml in fresh medium with cytokines. Nonadherent DCs 
were harvested on the seventh day, replated at 10 6 cells/ml, and cultured 
overnight in the presence of medium alone or Ag at 100 /xg/ml. This con- 
centration of Ag was chosen based on previous studies in several other 
murine tumor models (2, 6). Except where noted, pulsing medium was 
supplemented with 1000 U/ml GM-CSF. The following day, nonadherent 
and loosely adherent DCs were harvested, washed three times, and resus- 
pended in HBSS. 

Production and modification of Id proteins 

38C13 Id and an isotype- matched IgM/K protein (4C5) were derived from 
tumor-myeloma cell hybridomas as previously described (16) and affinity 
purified using mannose binding protein columns (Pierce, Rockford, IL) to 
>95% purity as determined by SDS-PAGE. Proteins were coupled to FCLH 
(Calbiochem, San Diego, CA) using glutaraldehyde as previously de- 
scribed (16). Chimeric Id protein, composed of 38C13 variable regions 
linked to human IgG 1/k constant regions (Id-HCR), and chimeric Id fusion 
protein containing murine GM-CSF at its C-terminus (Id-HCR-GM) were 
produced as previously described (26). 

Vaccinations 

Washed, Ag-pulsed DCs were injected i.v. by tail vein in a volume of 0.1 
ml of HBSS. In different experiments, the number of injected DCs varied 
between 2-5 X 10 5 /mouse. DC vaccines were compared with Id-HCR-GM 
fusion protein (50 jxg) administered i.p. twice biweekly in PBS without 
additional adjuvants and to Id-KLH conjugate (50 jig) given s.c. twice 
biweekly in PBS or together with QS21 adjuvant (31) (10 ju,g) three times 
biweekly (QS21 was provided by Aquila Biopharmaceuticals, 
Framingham, MA). 

Humoral immune response assessments 

Twelve to 14 days following the last immunization, blood was collected by 
tail vein. Serum anti-Id Abs were quantitated by ELISA as previously 
described (16). Briefly, 96-well Maxisorb plates (Nunc, Naperville, IL) 
were coated with 38C13 IgM and incubated with serially diluted immune 
sera. Bound Abs were detected with HRP-conjugated goat anti-mouse IgG 
(Caltag, Burlingame, CA) using the 2,2'-azinobis-(3-ethyl)-benzthiazoline 
sulfonic acid substrate and absorbance determination at 405 nm with a 
Vmax microplate reader (Molecular Devices, Menlo Park, CA). A mixture 
of affinity-purified anti-38C13 Id mAbs containing IgGl, IgG2a, and 
lgG2b isotypes in a 2: 1 : 1 ratio was used to generate a standard curve for 
total anti-Id IgG. Isotype-specific detectors were used for the quantitation 
of anti-Id Abs of the IgG I and IgG2a subclasses (Southern Biotechnology 
Associates) using relevant isotype standards. Purified 4C5 (IgM/K) and 
BCL1 (IgM/A) Igs were used to check the specificity of the anti-Id 
response. 

Tumor challenge 

38C13 tumor cells were thawed from a common dedicated frozen stock 2 
days before tumor challenge and were split on the day before use. On the 
day of tumor challenge, cells were washed three times in serum-free RPMI 
and diluted to the appropriate concentration in HBSS. Groups of mice 
received either 1000 cells s.c. above the base of the tail or 200 cells i.p. in 
a volume of 0.2 ml. Thereafter, mice were followed daily for survival. 
Survival analysis was performed using GraphPad Prism software (San Di- 
ego, CA), and p values were calculated using the log-rank statistical test. 
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FIGURE 1. Humoral anti-idiotypic response after vaccination with Ag- 
pulsed DCs. Groups of mice were given two biweekly vaccinations of DCs 
pulsed with medium alone, native Id protein, chimeric Id protein (Id-HCR), 
or chimeric Id-GM-CSF fusion protein (Id-HCR-GM). Two weeks later 
sera were collected and analyzed for anti-38C13 Id IgG Abs by ELISA. 
Bars represent mean determinations in three animals, with error bars show- 
ing ±SD. Results are representative of three individual experiments. 

In vivo depletion of T lymphocyte subsets 

Groups of 10 mice were vaccinated three times biweekly with Id-KLH- 
pulsed DCs and challenged with tumor 2 wk later on day 0. On days —6, 
-5, —4, and 0 and weekly thereafter for 4 wk mice were injected i.p. with 
200 jxg of T cell-depleting or control mAbs (from ascites). Abs used were 
the CD4 + T cell-depleting mAb GK1.5 (rat IgG2b), control rat IgG2a mAb 
H22-15-5, CD8 + T cell-depleting mAb I1B129 (mouse IgG2a), or control 
mouse IgG2a mAb 17F12. On day - I with respect to tumor challenge, 
peripheral blood was collected from two representative mice from each 
group, and lymphocytes were analyzed by flow cytometry for depletion of 
the appropriate T cell subset. Staining Abs CT-CD4 (anti-CD4, Caltag) and 
53-5.8 (anti-CD8/3.2, PharMingen) were not cross-blocked by the depleting 
Abs and demonstrated >98% depletion of the target T cell population. 

Results 

Immunogenicity of DCs pulsed- with native, chimeric, or Id-GM- 
CSF fusion proteins 

To identify an Ag pulsing strategy that would lead to greater im- 
munogenicity of tumor Ag-pulsed DC vaccines, we examined the 
use of modified tumor Ag (Id) proteins for DC pulsing. To evaluate 
this approach we chose bone marrow-derived DCs grown in GM- 
CSF and IL-4, Such DCs have been shown to take up and process 
soluble protein Ags (6, 8, 27). For the Ag, we first examined re- 
combinant forms of the 38C13 Id containing xenogeneic constant 
region and cytokine sequences, since in previous studies these pro- 
teins had displayed increased immunogenicity over that of native 
Id (26). We compared the immunogenicity of DCs pulsed with 
native Id, a chimeric Id protein containing xenogeneic (human) 
constant region sequences (Id-HCR), or a chimeric Id protein also 
having murine GM-CSF linked to its C terminus (Id-HCR-GM) 
(26). Mice received two biweekly i.v. injections of Ag- or medi- 
um-pulsed DCs. Following vaccination we monitored the humoral 
anti-Id response by ELISA (16). The measurement of anti-Id Abs 
is highly relevant in this tumor model, as previous studies have 
demonstrated that the induction of humoral anti-Id immunity was 
sufficient to provide protection from tumor challenge (16, 29, 32). 
After two immunizations, there was no detectable humoral re- 
sponse in mice vaccinated with DCs pulsed with native Id protein 
(Fig. 1). Low levels of anti-38CI3 Id IgG were detected in mice 
given DCs pulsed with the chimeric Id, yet substantially higher 
levels were elicited by DCs pulsed with the chimeric GM-CSF 
fusion protein. Administration of DCs pulsed with an irrelevant 
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FIGURE 2. Humoral anti-idiotypic response after vaccination with DCs 
pulsed with KLH-coupled Id, chimeric Id, or chimeric Id-GM-CSF fusion 
proteins. Groups of mice were given three biweekly vaccinations of DCs 
pulsed with Id protein chemically coupled to KLH (Id-KLH), chimeric Id 
protein (Id-HCR), or chimeric Id-GM-CSF fusion protein (Id-HCR-GM). 
Two weeks later sera were collected and analyzed for anti-38C13 Id IgG 
Abs by ELISA. Bars represent mean determinations in three animals, with 
error bars showing ±SD. Results are representative of three individual 
experiments. 



tumor Id (BCL-1) chimeric GM-CSF fusion protein failed to elicit 
Abs specific for the 38C 1 3 Id (data not shown). GM-CSF is known 
to enhance the uptake and processing of Ag by DCs (6, 28). There- 
fore, we next asked whether excess soluble GM-CSF present dur- 
ing the pulsing period could substitute for the cytokine moiety 
linked directly to Id in the ld-HCR-GM fusion protein. Soluble 
GM-CSF (200 ng/ml = 20-fold excess of that which supports DC 
growth and differentiation in vitro) added during overnight Ag 
pulsing could not enhance the humoral anti-Id response to DCs 
pulsed with the chimeric Id to the level attained when using Ag 
directly fused to the cytokine (0.62 ± 0,39 vs 2.7 ± 1.59 /u,g/ml), 
nor could it render native Id-pulsed DCs immunogenic. 

Immunogenicity of DC pulsed with Id coupled to the KLH 
carrier protein 

Linkage of xenogeneic carrier proteins such as KLH to weak, self- 
derived tumor Ags can enhance their immune recognition (16). We 
next asked whether the chemical coupling of KLH to Id could 
enhance its immunogenicity when used for DC pulsing. Mice re- 
ceived three biweekly i.v. injections of DCs pulsed with medium 
alone, Id-HCR, Id-HCR-GM, or Id-ICLH. Immunization of mice 
with DCs pulsed with Id-ICLH generated a surprisingly high anti- 
Id response, surpassing even that of DCs pulsed with Id-HCR-GM 
(Fig. 2). Vaccination with DCs pulsed with an unrelated control 
IgM/K (4C5) coupled to KLH failed to elicit any anti- 
38C13-specific Abs (data not shown). The enhanced immunoge- 
nicity of Id-KLH-pulsed DCs was not simply due to aggregation of 
the Id, as the use of Id conjugated to itself for DC pulsing yielded 
no anti-Id response. Likewise, concurrent administration of an 
equivalent number of DCs pulsed only with KLH along with DCs 
pulsed with native Id failed to elicit a response, demonstrating the 
inability of carrier-pulsed DCs to supply sufficient helper activity 
to coadministered Id-pulsed DCs for stimulation of an anti-Id hu- 
moral response (data not shown). 




Id-HCR-GM Id-HCR-GM ld*KLH Id-KLH + DC 
without DC + DC without DC 

FIGURE 3. Isotype profiles of anti-Id Abs elicited by various vaccina- 
tion methods. Groups of three mice were vaccinated with soluble Id-GM- 
CSF fusion protein (Id-HCR-GM), Id-KLH, or DCs pulsed with ld- 
HCR-GM or Id-KLH as described in Materials and Methods. Two weeks 
later sera were collected and pooled, and 38C13 Id-specific Abs were quan- 
titated by ELISA using isotype-specific detectors. Results are representa- 
tive of two experiments. 



Vaccination with DCs pulsed with modified Id proteins induces 
Ab isotype profiles consistent with a Thl response 

To further characterize the anti-Id immune response to vaccination 
with DCs pulsed with modified Id proteins, we examined the iso- 
type profiles of IgG anti-Id Abs following vaccination (Fig. 3). 
Vaccination of mice with chimeric Id-HCR-GM fusion protein 
without DCs induced high levels of anti-Id Abs exclusively of the 
IgG 1 isotype. In contrast, vaccination with DCs pulsed with Id- 
HCR-GM induced lower levels of Abs, but with substantial pro- 
portions of the lgG2a isotype. Similarly, vaccination with Id-KLH 
alone led to a primarily lgGl anti-Id response, while vaccination 
with Id-KLH-pulsed DCs led to high titers of anti-Id Abs with a 
striking predominance of the lgG2a isotype characteristic of a 
Thl -type response (33). These data argue against carryover of sol- 
uble protein Ag by the DCs as the sole mechanism for induction of 
the humoral anti-Id response, because the responses to Ag-pulsed 
DCs differ qualitatively from those elicited by injection of the 
same proteins without DCs. 

Tumor protection following vaccination with DCs pulsed with 
Id-KLH 

Given the superior humoral anti-Id immune response generated by 
vaccination with Id-KLH-pulsed DCs, we tested vaccinated mice 
for resistance to challenge with 38C13 lymphoma cells (Fig. 4). 
Mice vaccinated with DCs pulsed with native Id protein and chal- 
lenged s.c. with 1000 38C13 tumor cells all died within 5 wk and 
were not protected compared with those receiving PBS. However, 
a majority of mice vaccinated with Id-KLH-pulsed DCs survived 
the tumor challenge (p < 0.0001 and p < 0.0005 for Id-KLH- 
pulsed DCs vs PBS and native Id-pulsed DCs, respectively). Com- 
parable results were obtained in two additional experiments. No 
significant protection from tumor challenge was observed follow- 
ing vaccination with DCs pulsed with Id conjugated to itself or 
with an irrelevant IgM/K (4C5) coupled to KLH (data not shown). 

Next, we wished to compare the efficacy of vaccination with 
Id-KLH-pulsed DCs to that of a standard approach to Id vaccina- 
tion, that is, vaccination with Id-KLH protein administered s.c. 
along with a chemical adjuvant (QS2 1 ). Mice given three biweekly 
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FIGURE 4. Survival following vaccination with DCs pulsed with native 
vs ICLH-conjugated Id protein. Groups of 10 mice were given three bi- 
weekly injections of PBS or DCs pulsed with native Id protein or Id-KLH. 
Two weeks later mice were injected s.c. with 1000 38C13 tumor cells and 
followed for survival. Results are representative of three individual 
experiments. 



injections of either Id-ICLH plus QS21 or ld-KXH-puised DCs de- 
veloped high serum titers of anti-Id Abs (mean, 210 and 186 fig/ 
ml, respectively, in a representative experiment), with a dominance 
of the IgG2a isotype. Animals vaccinated with Id-ICLH plus QS21 
displayed prolonged survival compared with animals given PBS 
plus QS21, yet only a minority of the animals survived long term 
(Fig. 5A). However, vaccination with ld-KLH-pulsed DCs pro- 
vided superior protection over Id-ICLH plus QS2 1 , with the ma- 
jority of animals surviving >60 days (p = 0.047). Analogous 
results were obtained in two additional experiments. Fig. SB shows 
the pooled survival results of the three independent experiments 
and demonstrates the consistent advantage of Id-ICLH-pulsed DCs 
over Id-KLH plus chemical adjuvant in providing tumor protection 
(p = 0.0082). 

Role of effector T cells in tumor protection 

We next sought to determine the contribution of effector T cells to 
tumor protection in mice vaccinated with Id-ICLH-pulsed DCs. 
Groups of mice given three biweekly vaccinations with ld-ICLH- 
pulsed DCs were treated with mAbs to deplete effector CD4 + or 
CD8 + T cells before and following tumor challenge as described 
in Materials and Methods (Fig. 6). Depletion of each T cell subset 
from the peripheral blood of vaccinated mice was confirmed by 
flow cytometry using non-cross-blocking anti-CD4 and anti-CD8 
mAbs before tumor challenge (data not shown). Depletions were 
maintained throughout the experiment by continued weekly ad- 
ministration of the depleting mAbs. The isotype-matched control 
mAbs used had no significant effect on the relevant T cell popu- 
lation. Mice depleted of CD4 + or CD8 + T cells following vacci- 
nation with ld-fCLH-puIsed DCs had no statistically significant al- 
terations in survival compared with mice receiving isotype- 
matched control mAbs (p — 0.325 and p — 0. 136, respectively) or 
compared with those receiving no mAbs (p = 0.802 and p = 
0. 107, respectively). 

Discussion 

There is currently great interest in exploiting the powerful Ag- 
presenting functions of DCs to elicit therapeutic anti-tumor immu- 
nity (1), Studies in murine tumor model systems have provided the 
basis for numerous clinical trials of vaccination using DCs pulsed 
with tumor Ag-derived peptides, proteins, RNA, or tumor cell 
preparations (13). Clinical trials in B cell lymphoma using native 
Id protein-pulsed DCs have yielded promising initial results, with 
objective tumor regressions being observed in 3 of 10 cases, in- 
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FIGURE 5. Survival following vaccination with DCs pulsed with Id- 
KLH vs vaccination with Id-KLH plus chemical adjuvant (QS2I). A, 
Groups of mice were given three biweekly injections of Id-KLH-pulsed 
DCs (n = 20), ld-KLH plus QS21 adjuvant (// = 10), or PBS plus QS21 
(n — 10). Two weeks later mice were injected s.c. with 1000 38C13 tumor 
cells and followed for survival. 5, Pooled survival of mice vaccinated with 
ld-KLH-pulsed DCs (n = 40) or Id-KLH plus QS21 adjuvant (n = 30) in 
three separate experiments is shown. Tumor challenge cells were admin- 
istered i.p. (200 cells) in one of the three experiments (n = 20 mice) and 
s.c. (1000 cells) in two experiments (n - 50 mice). 



eluding two durable complete responses (18, 24) (J. Timmerman 
and R. Levy, manuscript in preparation). However, preclinical 
studies of protein tumor Ag-pulsed DC vaccination have been lim- 
ited (2, 6, 8), and an optimal method for Ag pulsing has not been 
defined. We have thus sought to refine tumor Ag-pulsed DC vac- 
cination using a well-characterized murine tumor expressing a 
weak, self-derived tumor Ag (38CI3 Id) (16). In this report, we 
have shown that 38C13 Id-pulsed DCs can generate a humoral 
anti-Id response only when the Ag is modified to constitute a hap- 
ten-carrier system. Id proteins modified by inclusion of foreign 
constant regions, foreign constant regions plus GM-CSF, or link- 
age to ICLH carrier protein were increasingly potent in their ability 
to generate anti-Id Abs following pulsed DC vaccination. DCs 
functioned as an efficient adjuvant for induction of the anti-Id hu- 
moral response and elicited predominantly lgG2a Abs character- 
istic of a Thl response when ld-KLH was used for DC pulsing. 
I d-KJLH -pulsed DC vaccination was significantly more effective in 
inducing protective immunity than vaccination with the same Ag 
together with a chemical adjuvant. Surprisingly, despite the delib- 
erate attempt to induce a cellular anti-Id response through the use 
of DCs, tumor protection afforded by this particular vaccine was 
not dependent on effector T cells. 

We chose bone marrow-derived DCs cultured in GM-CSF and 
1L-4 for this study, as these cells resemble the monocyte-derived 
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FIGURE 6. Effects of in vivo depletion of T cell subsets on survival 
following vaccination with Id-KLH-pulsed DCs. Groups of 10 mice were 
vaccinated three times biweekly with Id-KLH-pulsed DCs, then challenged 
2 wk later (day 0) with 1000 38C13 tumor cells s.c. and followed for 
survival. On days —6, -5, —4, and 0 and weekly thereafter mice were 
treated with CD4 + T cell-depleting mAb GK1.5 or CD8 + T cell-depleting 
mAb HB129 (A) or with isotype control rat (ctrl Rt) or mouse (ctrl Ms) 
mAbs (B). Survival of animals vaccinated with native Id-pulsed DCs is 
shown as a negative control for comparison. 



DCs most widely used in clinical trials of DC vaccination for can- 
cer (13, 28). In concordance with our clinical studies (18, 25), 
vaccination of mice with native Id-pulsed DCs failed to elicit a 
humoral anti-Id response (Fig. 1). However, in our mouse model, 
the addition of xenogeneic constant region sequences to the Id 
endowed it with the capacity to stimulate an anti-Id humoral re- 
sponse when used for DC pulsing (Figs. 1 and 2). This was pre- 
sumably due to the introduction of foreign helper epitopes, thus 
creating a hapten-carrier system (34). The addition of GM-CSF 
sequence to this chimeric Id protein further augmented the immu- 
nogenicity of the pulsed DC vaccine, as judged by the humoral 
response assay (Figs. 1 and 2). The mechanism of the GM-CSF 
moiety's effect is probably due to stimulation of the Ag uptake or 
Ag presentation functions of the DCs (28) rather than to the con- 
tribution of additional helper epitopes, because a chimeric Id fu- 
sion protein containing human GM-CSF (which is not biologically 
active in the mouse) does not show enhanced immunogenicity over 
that of chimeric Id alone (data not shown). The inability of soluble, 
unlinked GM-CSF to boost the immunogenicity of the chimeric Id 



to that of the ld-HCR-GM fusion protein may also suggest target- 
ing of the GM-CSF fusion protein to the DCs by binding to the 
GM-CSF receptor. 

We expected that anti-Id T cell responses would be detectable 
following Id-pulsed DC vaccination. Bone marrow-derived DCs 
cultured in GM-CSF and IL-4 have been previously shown to in- 
duce protective an ti -tumor immunity mediated by CD8 + T cells 
when pulsed with the model protein tumor Ags /3-galactosidase 
and OVA (6, 8). Indeed, we confirmed that OVA-pulsed DCs 
could readily induce cytolytic activity toward OVA-expressing 
E.G7 cells, yet under analogous conditions no ld-specific CTL 
activity could be generated against 38C13 lymphoma cells (data 
not shown). In addition, based upon the in vivo T cell depletion 
data, CD4 + or CD8 + T cells appear to play no significant role as 
effectors of tumor protection in mice vaccinated with Id-KLH- 
pulsed DCs (Fig. 6). 

Our findings underscore the important role of DCs in the gen- 
eration of humoral immune responses. DCs have long been known 
to be critical for the development of Ab responses to T-dependent 
Ags by priming Ag-specific Th cells to secrete soluble B cell stim- 
ulatory factors (35, 36) and up-regulate CD40 ligand (37). How- 
ever, a more complex role for DCs in the humoral response was 
suggested by observations of their clustering with B cells both in 
vitro (36) and in vivo (38). In some of the earliest studies of Ag- 
pulsed DC vaccination, injection of mice with splenic DCs pulsed 
with viral particles or soluble protein Ag was fauna 1 to stimulate a 
specific Ab response without the need for additional adjuvants (2, 
39, 40). The Abs induced included significant proportions of the 
IgG2a isotype (2, 40), indicative of a ThI response (33). These 
findings suggested the transfer of native, unprocessed Ag to B 
cells, although the nature of such Ag handling by DCs was not 
defined. Recently, Wykes et al. demonstrated the transfer of native 
protein Ag from DCs to B cells to generate a class-switched hu- 
moral response (41). Splenic DCs pulsed with DNP-KLH were 
shown to take up and retain unprocessed Ag in an intracellular 
compartment for at least 48 h. Induction of DNP-specific IgG re- 
quired DC to be intact and in direct contact with the responding B 
cells. Dubois and colleagues (42) have provided further evidence 
for the direct signaling of DCs to B cells with the demonstration 
that DCs could stimulate both proliferation and Ab secretion by 
CD40-activated B cells. These effects are dependent on direct 
DC-B cell interactions as well as soluble factors, including IL- 
12 (43). The recent identification of the novel B cell-specific 
growth and differentiation factor, BAFF, as a product of DCs also 
confirms the direct influence of DCs over the humoral immune 
response (44). 

A role of DCs as vehicles for the delivery of native, unprocessed 
Ags to B cells explains the efficiency of DCs in augmenting the 
humoral anti-Id responses observed in our study. As the Id-KLH 
pulsed DCs were washed extensively before injection, the amount 
of Ag delivered would be expected to be small relative to that of 
a protein-plus-adjuvant vaccine, yet the pulsed DCs elicited similar 
Ab titers (Fig. 3). Prior reports of humoral response induction by 
Ag-pulsed DCs have made use of splenic DCs (2, 35, 36, 39-41). 
The present study is the first description of bone marrow-derived 
DCs pulsed with tumor Ag eliciting a protective humoral immune 
response. Thus, it appears that in vitro-generated DCs can also 
serve as efficient vehicles for the delivery of Ag to prime a humoral 
immune response. 

The mechanisms of protective tumor immunity following anti- 
Id vaccination have been proposed to include both Abs (16, 17, 29, 
32) and T cell effectors (16, 30, 45-48) in various murine lym- 
phoma (16, 17, 29, 30, 32, 47) and myeloma (45, 46, 48) models. 
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Early investigations into the protective mechanisms of 38C13 tu- 
mor immunity following vaccination with ld-KLH plus chemical 
adjuvants suggested a role for CD4 + and CD8 + T cells based on 
in vivo depletion experiments (29). However, immune serum 
transfer studies clearly demonstrated that Abs could be sufficient 
for tumor protection (29). More recent studies in the 38CI3 lym- 
phoma model using id-encoding plasmid DNA vaccination have, 
failed to demonstrate any role for effector T cells in tumor protec- 
tion despite the general propensity of DNA vaccination to elicit T 
cell immunity and, in particular, CTL (32). In addition, direct cy- 
totoxicity of Id-immune CTL toward 38C13 tumor cells has never 
been demonstrated (29, 30, 32, 47). The present study provides no 
exception, as no dependence on T cell effectors was observed (Fig. 
'6). Nonetheless, it remains possible that under certain vaccination 
conditions, T cell effectors may contribute to immunity against 
38C13 Id (30, 47). In humans, the ability to elicit anti-Id T cell 
immunity is likely to depend on an individual tumor's Id se- 
quences and the host haplotype. Some individual Ids may contain 
sequences capable of eliciting anti-Id CD4 + and/or CD8 + T cells, 
while others may not. This variation may account for the finding of 
anti-Id cellular proliferative responses in only 50% of lymphoma 
patients vaccinated with DCs pulsed with tumor-derived Id (25). 

Because T cells were not found to mediate tumor protection 
following Id-KLH-pulsed DC vaccination in this model, anti-Id 
Abs are likely to be necessary effectors. Vaccination using both 
DCs and the QS21 adjuvant elicited high titers of anti-Id Abs. 
However, tumor protection was superior with the use of DCs (Fig. 
5). Delivery of Ag by DCs resulted in a higher proportion of Abs 
of the IgG2a isotype, possibly due to DC-derived IL-12 favoring 
the development of a Th 1 response and its associated isotype pro- 
file (43, 49, 50). Higher titers of anti-Id Abs of the IgG2a subclass 
may contribute to the greater protection seen with pulsed DC vac- 
cination. In studies of passive anti-Id mAb therapy for 38C13 lym- 
phoma, anti-Id Abs of the IgG2a subclass were up to 100-fold 
more potent in conferring tumor protection than their class- 
switched IgGl counterparts (51). However, we found no correla- 
tion between the serum anti-Id levels of individual mice and their 
degree of tumor protection in the current study (data not shown). 
This suggests that another rate-limiting effector function (such as 
Ab-dependent cellular cytotoxicity) may have been more effi- 
ciently induced by DC vaccination. 

Our findings differ from those of Flamand et al. (2), who de- 
scribe the induction of anti-Id Abs and protective immunity against 
the BCL-1 murine lymphoma following vaccination with native 
BCL-1 Id-pulsed splenic DCs. In contrast, we observed that con- 
jugation of 38C13 Id protein to ICLH was required to elicit both 
anti-Id Abs and tumor protection. However, there are several im- 
portant differences between these two studies. First, Flamand et al. 
used splenic DCs, whereas in the current study bone marrow-de- 
rived DCs were used. Secondly, the BCL-1 and 38C13 variable 
region sequences share little homology and may thus differ signif- 
icantly in their content of helper epitopes capable of priming 
CD4* + * T cells required for efficient induction of the humoral anti- 
Id response. Furthermore, in the current study we demonstrated 
that DCs can function as a superior adjuvant for the induction of 
protective immunity against the 38C13 tumor compared with the 
chemical adjuvant QS21 (Fig. 5), while Flamand et al. did not 
demonstrate an advantage of BCL-1 -pulsed DCs over Id protein 
administered s.c. in CFA. 

Despite the expectation that DCs would favor the generation of 
anti-Id T cell immunity, we have found the tumor-protective ef- 
fects of Id-KLH-pulsed DC vaccination to be dependent largely, if 
not exclusively, on the humoral anti-Id response in the 38C13 tu- 
mor model. In the case of Id vaccination for B cell lymphomas, 



induction of a humoral response is desirable given the proven anti- 
tumor effects of anti-Id Abs (14, 17, 29, 32, 52). Humoral anti- 
tumor responses may also be advantageous against other cancers 
that are susceptible to Ab-mediated control. As such, our findings 
provide rationale for the use of K.LH -conjugated Id for DC pulsing 
in lymphoma clinical trials and suggest a strategy with possible 
implications for DC vaccination against other human cancers. 
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